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Abstract 

The uranium plasma nuclear rocket i s  a pro- 
posed device which features a high specific im- 
pulse. The objective of th i s  study was to  find the 
upper l i m i t  of the abi l i ty  of the seeded hydrogen 
propellant t o  intercept the thenael radiation from 
the high temperature fuel  and thus protect the 
reactor cavity well from excessive heat flux. This 
l imit  fixes the maximm reactor power that can be 
used for a fixed propellant f l ow  rate; and deter- 
mines the maximum achievable cavity specific im- 
pulse. This maximm cavity propellant temperature 
can then.be used t o  find the amount of nozzle weJl 
seeded transpiration flow that i s  necessary. This 
reqgred nozzle coolant flow reduces the maximum 
cavity specific impulse to  some lower v a l ~  that i s  
the maximum specific impulse such as an engine sys- 
tem can provide. The model used for  the heat- 
transfer calculation i s  as follows: f l o w  enters 
the cavity wall a t  a givep temperature, and picks 
up the amount of radiant heat deposited on the 
inner surface of the wall as  it flows through it. 
The propellant then leaves the wall a t  the solid- 
wall-limited temperature and begins t o  flow radi- 
a J l y  inuard inside the cavity. Between the w a l l  
and the central uranium plasma there i s  an energy 
balance between the absorbing hydrogen f l o w  toward 
the plasma and the radiant heat flux toward the 
w a l l .  The same basic heat-transfer d y s i s  is,. 
used in  the cavity and i n  the nozzle. However, i n  
the nozzle, one must additionally specify the 
boundary layer thickness caused by the injection of 
the absorbing, transpiration coolant flow. The 
thickness of this  coolant layer i n  the nozzle i s  
calculated frcun conservation of mass and momentum. 

This study shaved that, for  an eight foot 
cavity d i e t e r  uranium plasma nuclear rocket op- 
erating a t  a pressure of 1000 atm and a propellant 
mass flow rate o f 1 0  lbm/s, the cavity wall could 
be cooled up t o  a paver level of 7400 MW. This 
corresponded to  a maximum cavity specific impulse 
of 5800 s. The wall heat flux was very law for 
any reactor power below th i s  l i m i t  of 7400 MW. The 
reason for  th i s  was that there was a relatively 
cool, opaque insulating layer of seeded propellant 
between the hot plasma and the solid wall. The 
degradation effect of the transpirationally cooled 
nozzle on the cavity specific impulse resulted i n  
a maximm specific impulse of 5200 seconds a t  a 
reactor power of 7400 MW, Approximately 12 percent 
of the t o t a l  propellant was used to  cool the 
nozzle well. 

cavity w a l l ,  around the f'uel and is then exhausted 
through the nozzle. The objective of this  study 
was t o  determine the upper l imits  on specific im- 
pulse placed by the wall coding requirements of 
both the reactor cavity and the exhaust nozzle. 

As the propellant flows through the cavity 
w a l l ,  i t  is heated from cryogenic temperatures t o  
solid-wall-limited temperatures. Thus, the pm- 
pellant transpirationally cools the cavity wall. 
The amount of energy deposited i n  the propellant 
as it flows through the wall equals the amount of 
energy deposited on the cavity side of the w a l l  by 
the impinging radiant and conductive heat flux. 
 his assumes the ganrma heating of the wall i s  
s d .  ) Thus, specifying inside and outside wall .  
temperatures (and the mass flow through the cavity 
well) fixes the allowable cavity wall heat flux. 
Using the radial  component of the energy equation, 
a modified diffusion approximation fo r  the radiant 
heat flux and an assumed radial mass flow profile 
inside the cavity, the' radial  temperature profile 
and heat flux profile from the edge of the fuel t o  
the cavity well can be calculated. From these 
profiles the reactor power, the cavity Isp, and 
the thrust can be calculated. 

As the propellant leaves the reactor cavity 
and flows through the nozzle, it begins t o  heat 
the nozzle wall by forced convection and by them- 
al radiation. A layer of seeded coolant gas must 
be injected through the nozzle wall. This ccdant  
transpirationally cools the nozzle waJl i n  much 
the same way as the propellant cools the cavity 
w a l l .  In the nozzle the heat-transfer dimension 
i s  much smaller than in the cavity; therefore, 
the coolant flow rate  per unit area must be much 
larger in the nozzle than i n  the cavity. 

The approach used in th i s  study was f i r s t  t o  
find the cavity wall cooling limitation; t h i s  w i l l  
determine the maximum reactor power and the maxi- 
mum cavity specific impulse. Then, using the cor- 
responding propellant outlet  temperature, the 
amount of required nozzle wall coolant i s  deter- 
mined, and the cavity specific impulse i s  reduced 
due t o  t h i s  additional flow of cooler gas. The 
resulting specific impulse i s  the m a x h  that can 
be produced by the engine without burning out 
either the reactor cavity nail or the nozzle w a l l .  

Introduction a absorption coefficient, m-l  

The uranium plasma nuclear rocket i s  a pro- 
posed device which features a high specific im- E, expodentid integral of order n, %(z) = 
pulse (2000-7000 sec d a moderately high thrust i Y (10,000-100,000 lb) .  1 A conceptual design of rn -zt 
current interest  i s  s h m  i n  Fig. 1 and i s  called 

L d t  

a "spherical" or l lp~r~us-wel l"  reactor. Energy i s  
tn 

generated by nuclear fission i n  a uranium plasma 
fuel. This energy i s  radiated t o  a seeded hydro- h enthalpy,  kg 
gen propellant. The propellant flows through the 



1 ~nLens-ty, w/(m2-sr-HZ) between the radially inward convection toward the 
plasma and the radially outward heat flux toward the 

k "LlerrnaL conductivity, w/m wall. In vector notation this can be written as: 

L coolsn~ surface length, m 0 = (6) . Oh + V . < (using only the radial terms) 
M mxss f low rate, kg/s ( 2 )  

i: r o r m a  ununlt veczor The heat flux can be written as the sum of two 
terms: conduction and radiation. 

n 12iiex used in Taylor Series -% 

q = bc + 'ii~ (3) 
P pressure, ~ / m z  or atm 

The conductive heat flux is proportional to the 

y heat CIJX, w/d local temperature gradient. 

r radius, m 

L' texnpera~ure, 9 

v reloe~l,y, m/s 

z axsal length, m 

6 i l i s  lame from solid wall towards plasma, m 

P angles In nozzle, rad 

v crequen,y, Hz 

n dcnsltg, &/m3 

rs Ltefan-Box-czmann constant, 5.6697~10-~ w/ 
(m201@) 

z opL~cal. depth from solid wall towards plasma 

The radiative heat flux is given in Ref. 2 as 

For a grey gas in local thermodynamic equilibrium, 
in cartesian coordinates, the radiative heat flux 
is 

An approximation to this heat flux can be made if 
(13 sclsd mgle, sr the radiation from the propellant can be neglected. 

Thus if 
Subsc~ipts: 

ZUT;E~(~) - OT$ >> o~t(1 - 
c -onduct Lon 

then 
B &"zS 

9~ = 2o~$33(7) - z ~ T ~ ~ ( T ~  - 7) 
14 nozzle 

(5a) 

 h his approximation is used when 7 is small. ) 
o 2001 side of solid wall Another approximation to this heat $lux relation 

can be made if the source function for the gas can 
p plasnla be represented by a Taylor Series. Thus 

F, rrdsaeicn 
T ~ =  T ~ T )  + (7' - 7) + . . . 

t xrozzle throat dz 

w ~2asma ~ide or wall 
dnT4 7 

O L L ~  stream of nozzle throat = x F d  dzn 
n=O 

3. uown stream. of nozzle throat 
Substituting this into Eq. (5) and integrating 

Analysis gives : 

Ihe rnodei. used for the heat-transfer cdcu- 
LaC~on is sh07,m in Fig. 2. Flow enters a wall at 
I. Lercpcratue, To, then picks up the amount of 
helL d~epossted on the wall, and then leaves the 
vdl ELL a temperature, Tw. In terms of enthalpy, 
kt, tbss heat balance is: 

' - L ~  = - ho) (1) 

l - l s sd~  m e  cavity, there is an energy balance 
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combining Eqs. (7) and ( 8 )  yields l,#4.. - ' ' 
qR = ZUT$~(T) - 2flp$5(zP - 

6 2 (PV), L/W ( 9 )  

n-L 
+ c *g--& [Izp-) . ~ 3 i \ - )  d o g o u s  equation for  a convergent-divergent 

nozzle, Fig. 4, . i s  
n-4 =O 

-(-l)n zn-L EL4(7) 

Neglecting the terms of the series for  which n is 
greater than one yields 

9~ = 2a$3(d  - 2@l$3(Tp - 1 )  + 2 a ~ 4 ( ~ 3 ( z p  - -1 where Eqs. (8) and (9)  have been rewritten in  Cyl- 
indrical  geometry, and the control volume i s  a 
convergent-divergent she l l  next t o  the nozzle wall. 

r n  w 
- E3(z)) + 2a Ld dz k z p  - ')E3(zP - ') The t o t a l  mass flow through the nozzle wall i s  

7 

I '  + zE3(z) + E4(zp - T) + 4 ( ~ )  - 2/S] 

If the optical thiclmess (optical depth from the sin e0 s in  e0 . w a l l  t o  the radiating plasma) i s  large, 
Properties fo r  uranium vapor were taken from 

Tp >> 1 Refs. 3 and 4. Properties for  hydrogen were taker 
from Refs. 5, 6, 7, and 8. The absorption co- 

then eff ic ient  for  the solid seed (uranium 238) was 
assumed t o  be 50,000 cm2/g. 

qR = 2m$E3(z) - 2aT4E3(z) 
Discussion 

+ 2. p 5 ( = )  + E4(z) A cross section of the uranium plasma nuclear 
dz rocket i s  shown on Fig. 1. The propellant flows 

through the cavity wall, transpirationally cooling 
I f  the locaL propellant optical depth is  large, the wall. Then the propellant flows from the wall 

toward the fissioning uranium plasma convecting the 
7 >> 1 radiant heat that it absorbs back toward the fuel. 

Neax the fuel  the propellant turns and flows 
then tangentially out of the cavity by way of the nozzle. 

In the nozzle the propellant acts  as a source of 
40 d~~ radiant heat. Additional coolant must be used t o  

q ~ = - - -  (5c) transpirationally cool the nozzle wall and absorb 
3 dz the radiant heat. 

which is  just the standard diffusion approximation. Figure 5 i l lus t ra tes  the complexity of the 
problem. It shows the "Rosseland Mean Absorption 

The optical  depth i s  related t o  the distance Coefficient" versus temperature. ~t low tempera- 
from t4e cavity wall by tures the solid seed is the dominant absorber. As 

the temperature increases, the solid-seed absorp- 
Q = a &  ( 6, t ion coefficient Lecreases because the propellant 

density decreases and, therefore, the number of 
Using the given w a l l  temperature, the cdculated solid particles per unit volume also decreases. 
wall heat flux from Eq. ( l ) ,  and the given wa l l .  A t  some temperature (-5000' K) the solid seed be- 
d i s t a c e  as  boundary conditions, the differential  gins t o  vaporize a d  the absorption coefficient de- 
Eqs. (21, (31, a d  (6) with the awciliary creases very sharply. In the temperature region 
Eqs. (4), (5) and an assmed variation of mass between 7000-10,000° K, the absorption i s  due main- 
flow rate,  (pv(6) e q d s  a constant), can be inte- l y  t o  seed vapor which i n  t h i s  case i s  uranium 
grated numerically from the wall. the cavity. vapor, since i n  these calculations we have used 

depleted uranium as the seed'material. A t  temper- 
The heat-transfer analysis used i n  the nozzle atures above 10,0000 K, the absorption i s  due main- 

i s  the same as that used in the cavity. A flow l y  t o  the hydrogen becoming absorptive. 
model used i n  the calculation of the coolant 
boundary layer thickness i s  shown in Fig. 3. Con- Figure 6 shows results of some typical reac- 
servation of mass requires t o r  cavity calculations. Figure 6(a) shows the 

Iw and inside cavity w a l l  temperature versus 
(w), L = ( P V ) ~  6 ( 7,  reactor power fo r  a fixed propellant flow rate  of 

10 lbm/s, cavity diameter of 8 f t ,  and seed concen- 
Conservation of mamentm, (neglectin@; compressible t ra t ion of 10 percent by weight. The Isp i s  
and viscous effects) requires proportional t o  the square root of the reactor 

power. For a reactor power below about 7400 MW, 
6 ( ~ 2 ) ~  6 the cavity ins'ide wall temperature remains nearly 
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constant a t  944' K. A t  a reactor power equal t o  
about 7400 MW, the w a l l  temperature has increased 
r a p l a y  to a value tha t  approaches and would soon 
exceed sol id  w a l l  temperature l imi ts .  This value 
of reactor power would be the maxhum allowable 
reactor power, and for t h i s  part icular  s e t  of input 
parameter ?rdues corresponds t o  a maximum at ta in-  
able cavity specific impulse of 5800 seconds. Be- 
cause reactor power could fluctuate, a "nominal 
operating poweru l eve l  would probably be fixed a t  
90 percent or  so of the maximum operating power. 

F~gure  6(b)  shows a radial. temperature prof i le  
for both the maximum and the nominal reactor power 
si tuations.  Both temperabre prof i les  are similar 
except near the cavity w a l l .  For the nominal case 
there i s  a cold opaque layer of propellant between 
the hot propellant and the so l id  wall. For the 
maxunm ease th i s  layer has been reduced t o  almost 
zero thickness. 

The model used t o  estimate the w a l l  cooling 
requirements of the nozzle i s  shown i n  Fig. 4. 
Propellant flows from the cavity (which i s  a t  a 
pressure of 1000 atm) through the nozzle, and i s  
discharged in to  space. Transpiration cooling with 
en absorbing gas Ls necessary i n  the high acceler- 
atLon ( throat )  region of the nozzle, a region 
taken to correspond t o  loca l  s t a t i c  pressure vary- 
ing rroni 900 atm to  100 atm. The thickness of the 
injected boundary layer gas was calculated from a 
momerituni balance flow model assuming negligible 
vi scous shear. 

Fig~we 7 shows the resul t  of nozzle cooling 
lh j . t a t i ons  on Is . It shows the nozzle Isp 
( d m i l a t e d  using the propellant flow from cavity 
plus the nozzle coolant flow) versus cavity Is 
fo r  a seed concentration of 40 percent and a way1 
temperature of 1 1 0 0 ~  K. The spread in  the resul t s  
i s  aue to  tmcerta.inties re la ted  t o  what extent the 
riozzle coolant would mix dawn stream of the nozzle 
throat with the main propellant. The cavity-wall- 
lrmited Isp for t h i s  case i s  about 5800 seconds, 
while the ac tuai  Isp including nozzle cooling 
degradation i s  between 5100 and 5500 seconds. 

These resul t s  are not intended t o  be the f ina l  
word on she complicated subject of Is limita-  
t ions of a gas-core rocket engine due $0 thermal 
protection requirements. These r e su l t s  were ob- 
tained by a "first-cut" look a t  the problem. The 
answers appear encouraging, but more information 
on seeded hydrogen opacity and on transpirat ion 
flow i n  the presence of thermal radiat ion absorp- 
t i o n  i s  required. 

This study has shown that  fo r  an eight foot 
cavity diameter uranium plasma nuclear rocket op- 
erat ing a t  a pressure of 1000 atm, and a propel- 
liwt mass flow ra t e  of 10 lbm/sec, the cavity wall 
could be cooled up t o  a reactor power l eve l  of 
7400 W. This corresponded t o  a maximwn cavity 
specific impulse of 5800 s. The w a l l  heat flux 
was very low for any reactor parer below t h i s  l imi t  
of 7400 MW, The reason for t h i s  was tha t  there 
was a re la t ive ly  cool, opaque insulat ing layer  of 
sceded pxopellant between the hot plasma and the 
so l id  wall, 

The additional coolant flow required t o  pro- 

t ec t  the nozzle reduced the maximum cavity specific 
impulse value of 5800 seconds t o  a value of 5200 
seconds. Approximately 12 percent of the t o t a l  
propellant was used t o  cool the n0zzJ.e wall. 
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000 ATM, 1.01x10+8 ~ l m 2 ;  A PROPELLANT 
FLOW RATE r3F 10 LBMIS, 4.54 KGIS; A CAVITY 
RADIUS OF 4 FOOT, 1.22 m; A FUELlCAVlTY 
VOLUME RATIO 0.3; AND A MASS FRACTION 
OF SEED 0.1. PROPELLANT ENTERS THE WALL 
AT 944 K. 
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F igure 7. - Specif ic impulse degradation due t o  
nozzle coolant flow, (40% u2j8 + 60% Hz). 
Coolant enters  t h e  wall at 300 K and leaves the 
wal l  at 1 1 0 0 ~ ~ .  




